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Abstract. Two types of radio emission are observed from X-ray binaries with jets. They 
have completely different characteristics and are associated with different kinds of ejections. 
One kind of emission has a flat or inverted spectrum indicating optically thick self-absorbed 
synchrotron emission; the second kind of emission corresponds to an optically thin "tran- 
sient" outburst. The flat or inverted spectrum covers the whole radio band and has been 
established also at millimeter and infrared wavelengths. When this kind of radio emission 
is spatially resolved it appears as a continuous jet, the so-called "steady jet". In contrast, 
transient jets associated with optically thin events are resolved as "plasmoids" moving at 
relativistic speeds away from the center of the system. The most important point is that the 
two kinds of radio emission and their corresponding types of ejections seem to be related 
to each other; the optically thin outburst that characterizes the transient jet occurs after an 
interval of emission with flat/inverted spectrum. The hypothesis that the two classes of ejec- 
tions correspond to two different physical processes is corroborated by X-ray observations. 
The transient jet is associated with the steep power-law X-ray state, whereas the continu- 
ous jet always corresponds to the low/hard X-ray state. Two different models successfully 
describe the two jets: a conical flow and shocks. The conical outflow describes the contin- 
uous jet and internal shocks in a continuous pre-existing outflow describe the "plasmoids" 
of the transient jet. The internal shocks in the outflow are thought to originate from a new 
population of very fast particles. Three open issues are discussed: is magnetic reconnection 
the physical process generating the new population of very fast particles? Is that part of the 
continuous jet called "core" destroyed by the transient jet and its associated shocks? Can 
we extrapolate these results from steady and transient jets in X-ray binaries to radio loud 
AGNs? 

Key words. Galaxies: jets - Radio continuum: stars - Relativistic processes - X-rays: 
binaries - X-rays: individual: LSI+61303 



1. Introduction 

In the past, Seyferts galaxies, Quasars and ra- 
diogalaxies have been thought to be quite dif- 
ferent objects, because of the quite different 
features observed in each of them. But later, 
it became clear that all of them are members 
of the same class, the active galactic nuclei 



(AGN) (lAntonuccil[l993l) . that is: supermas- 
sive black holes accreting from the host galaxy. 
Whereas the majority of AGNs are weak in 
their radio emission, about 10% are hundreds 
to thousands times stronger and are called 
"radio-loud" dBarvainis et alj |2005). The radio 
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Fig. 1. Radio-emitting relativistic jets are observed 
in both classes of accreting compact objects: Active 
galactic nuclei (AGN) and low B X-ray Binaries 
(see text). 



emission in radio-loud AGN originates from a 
jet. 

X-ray binary systems are formed by a 
compact object and a normal star. X-ray bi- 
naries where the compact object is either 
a stellar mass black hole or a neutron star 
with a low magnetic fiel d (< 3 x 10 8 G, 
iMassi & Kaufman Bernadol d2008l) ) are the 
galactic equivalent to AGNs: the compact ob- 
ject accretes from the companion star and in 
some cases a radio emitting jet is observed 
(Fig. Q]). The first X-ray bin ary with an a sso- 
ciated radio jet was SS433 dSpencerll 19791) : in 
the 90's several radio-emitting X-ray binaries 
where discove red and named "microquasars" 
(iMirabelll 19931) . 

W it h the seminal pap ers of Dhawan et alj 
(2000). lFenderi (1200 ll) and lFender et al.1 (l2004 
it became clear that there are two different jet 
types: a relatively steady, continuous jet and a 
"transient" jet. The two types of jets have dif- 
ferent spectral and morphological radio char- 
acteristics. In addition, when observed in X- 
rays the microquasars show different spectral 
X-ray states depending on the jet type. 

Here I review these two type of jets, their 
different observational characteristics in radio 
and X-rays (Sec. 2) and their models (Sec. 3). 
A number of open questions are commented in 
Sec. 4. 



2. Observational characteristics 

In this section I compile different observational 
aspects of systems with steady or transient jets 
in the radio band and in X-rays. From radio 
observations it results that there seem to be dif- 
ferences in the spectral index {a), the morphol- 
ogy, the velocity and in polarization. X-ray dif- 
ferences are mainly indicated by the photon in- 
dex (F) of the power law fitted to the spectrum. 



2.1. Radio properties 

The spectral index a, defined as a = 1 ? 8 ^ ] { S2 } , 

r fog(Vl/V 2 ) 

with flux density S oc Y" , is > in steady 
jets (indicating a flat or inverted spectrum) 
wherea s in tra nsient jets a <0 (see Fig. 4 in 
iFenderl d200ll) . The flat or inverted spectrum, 
< a < 0.6, covers the whole radio band 
and has been established also at millimeter 
and infrared wavel engths dFender et al.ll2000t 
iRussell et al.ll2.Q06b . For transient jets t he spec- 
tral in dex results in -1 < a < -0.2 dFenderl 
1200 lb . which corresponds to an index p= 1.4 -3 
of the power-law energy distribution of the rel- 
ativistic electrons responsible for the radio syn- 
chrotron radiation. When the radio emission 
corresponding to a flat/inverted spectrum is ob- 
served at high resolution it app ears as a con- 
tinuou s jet with a bright "core" dDhawan et alj 
2000). A transient jet shows up with an op- 
tically thin radio outburst. Multifrequency ra- 
dio observations of GRO J 165540 show that 
during the radio outburst the flux densities 
at all observing frequencies peak simultane- 
ously, with the amplitude of the flare increasing 
towar d lower frequency dHannikainen et all 
120061) . At high resolution the emission is 
resolved in components , some time called 
plasmoids. movig apart dMirabel & Rod riguez 
ll994UFenderet al.lll999t) . 

The steady jet re-establishes quite soon af- 
ter the opticall y thin outbu r st rela ted to the 
transient jet: Dhaw an et alJ d2000h observed 
in GRS 1915+105 that the steady jet is re- 
established within 18 hrs from the start of 
a major optically thin outburst. This implies 
that fast travelling components with optically 
thin spectrum from the transient jet may still 
dominate the radio emission, but in real- 
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Fig. 2. Steady jet and transient jet: spectral index characteristics and morphology dDhawan et alj2OO0l) 



ity they are detached from the actual situa- 
tion around th e engine wh e re the steady jet 
re-established. iFender et alJ (|2004) argue that 
the velocities of the transient jets are signif- 
icantly larger than those of the steady jets. 
Finally, there is evidence that the radio emis- 
sion from ejected plasmoids is stronger polar- 
ized than the emission fr om the continuous jets 
dFender & Bellonill2004l) . 

Cygnus X-l and GRS 1915 + 105 are the 
best examples of systems switching between 
the two kinds of ejections (see references in 
Gallo 2009). In Fig. 2, we see the transi- 
tion from continuous to transie nt jet in spec- 
tra and morphology observed bv lDhawan et alJ 
(2000) for GRS 1915+105. In Fig. 2, one also 
sees that the spectrum remains flat/inverted for 
~ 14 days and then a switches to nega- 
tive values. The outburst is optically thin, with 
both frequencies peaking simultaneously and 



with the peak at the lowest frequency being 
more than a factor 2 higher than that at the 
higher frequency. In Fig. 2-top, simultaneous 
VLBA images show the continuous jet (left) 
and the transient jet (right). From the asym- 
metry between approaching and receding com- 
ponents of th e stead y jet of GRS1915+105, 
iDhawan et al. | (120001) derived a mildly rela- 
tivistic speed of /3 = 0.1. From the proper mo- 
tion of plasmoids travelling in opposite direc- 
tions from t he center a high value of (5 > 0.9 
was derived (Mirabel & Rodrfgu el 19991) . 

In GRS 1915+105, the continuous jet with 
optically thick emission corresponds to a pro- 
longued state of relatively high, but rather 
stable radio emission that in fact is called 
"plateau". In the system LS I +6T303 , the op- 
tically thick radio emission phase corresponds 
to an increasing emission level, related to an 
increasing accretion rate, terminating in an 
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Fig. 3. Spectral index and flux density, at 8.3 GHz 
and 2.2 GHz vs orbital phase, <b (P ar b it =26.5 d), for 
Green Bank Interfero meter data of the periodical 
source LS I +6T303 [Massi & Kaufman Bernadol 
(2009)). The radio "outburst" is in reality formed 
by two consecutive outbursts: the first one opti- 
cally thick (i.e. peaking at 8.3 GHz) and the second, 
stronger, optically thin (i.e. peaking at 2.2 GHz). 
Between the two outbursts there is an inversion of 
the spectrum from inverted to optically thin. 



optically thick ou tburst dBosch-Ramon et ail 
120061: iMassil 1201 oT) . After this inverted spec- 
trum phase the optically thin outburst oc- 
curs as in GRS 1915+105. Figure [3] shows, 
folded with the orbital period of 26.5 d, light 
curves of LS I +61°303 at 2.2 GHz and 8.3 
GHz ; Figure [3]-top showes the spec tral in- 
dex dMassi & Kaufman Bernado1l2009l) . At 8.3 
GHz, we see a main peak of S 8.3GHz = 270 +15 



0=0.85 
v=2.2 GHz 



!. 



•I,.,. ! i 



■ I ■ 1 

■ ,■ . , 

, ■ AAA 



0.! 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1 

Orbital phase (*) (MJD=51453) 



0=0.85 
v=8.3 GHz 



/>A\ f Si 



■ AAA 



0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1 

Orbital phase (4>) (MJD=51453) 



Fig. 4. Light curves of LS I +6L303 along 
the orbital phase at 2.2 GHz and 8.3 GHz 
dMassi & Kaufman Bemad! l2009h . The trian- 
gles are the Ha emiss ion-line measurements by 
iGrundstrom et alj i2007l) multiplied here by a factor 
of -5 to fit in the plot. 



mJy at <5 = 0.69. We call this outburst Peaki 
(indicated by the vertical bar at <£ = 0.69 in 
Fig. 3), which is an optically thick outburst, 
as one can determine from the clear positive 
spectral index shown in the figure (Top). At 2.2 
GHz, the figure shows that Peak\ decays, but 
then the flux increases again till a large out- 
burst at O = 0.82; we call this Peaki (indi- 
cated by the vertical bar at O = 0.82 in Fig. 
3), (S 2.2GHz = 299 + 6 mJy). At 8.3 GHz Peako 
corresponds to a minor outburst resulting in a 
clear optically thin spectrum. 

In Fig. [4] we analyze an individual light 
curve (a 26 d data set). Peak\ and Peaki at 
2.2 GHz are well distinguishable. Peak\ at 2.2 
GHz (Fig. |4]-Top) has a delay with respect 
to Peak x at 8.3 GHz (Fig. |}Bottom), a be- 
haviour consist ent with an adiab atically ex- 
panding cloud (Ivan der Laanl ll966). Following 
this model, at this point an optically thin de- 
cay should follow. On the contrary at <t> = 0.8 
an optically thin outburst occurs. The opti- 
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cally thin outburst, Peak^, reaches ~220 mJy 
at 2.2 GHz, whereas at 8.2 GHz it is only 
~130 mJy. In the same plot (Fig. |4]-Bottom), 
are given the Ha emi s sion-l ine measurements 
by iGrundstrom et al.1 (120071) . The Ho- excess 
present until <t> = 0.71, shows a dramatic de- 
cline at (D = 0.749 (1 day later) corresponding 
to the onset of the optically thin outburst. 

The Ha emission line observations corrob- 
orate the scenario of two distinctly different 
kinds of jets, corresponding to two different 
underlying physical processes. Still the two 
jets must be related to each other: the transient 
jet occurs after the steady jet. We will see in 
Sect. 3.2 how in fact the shock-in-jet model as- 
sumes for the transient jet a pre-existing (to the 
transient) slow flow (i.e. the steady, continuous 
jet). 

2.2. X-ray properties 

iFender et al.l ((2004) pointed out, how the two 
different types of radio jets correspond to two 
different X-ray spectral states. When the mi- 
croquasar showes a steady jet, its X-ray spec- 
tral state is the low/hard state corresponding to 
a power- law with photon index T ~ 1 .7 (2- 
20 Kev) dMcClintock & Remillardll2006l) . The 
optically thin radio outburst (i.e. the transient 
jet) is alway s associated with t he Very High 
State (VHS) dFender et all 120041) . The power- 
law characteristic for this state has a pho- 
ton index T ~ 2.5 and extends into the 
gamma-ray regime. The VHS was renamed 
steep power-law X-ray state, because moni- 
toring programs of RXTE showed that an un- 
broken steep power -law is the fundamental 
prope rty of the state dMcClintock & Remillardl 
2006). Figure 5 res umes the characteri stics of 
these X-ray states. IFender et al.l (|2()04) stated 
that it may be exactly the point of the transition 
to the steep power-law state that corresponds to 
the optically thin radio outburst. 

3. Models 

In this section, I briefly review the two mod- 
els that describe the two jets: a conical outflow 
for the continuous jet and internal shocks in a 
continuous flow for the transient jet. 
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Fig. 5. X- ray spectral states and related radio 
states (see Massi & Zimmerm annl (|20 1 Ol) ) . 

3.1. Conical jet 

The formation of the steady jets is thought 
to be mediated by large-scale open magnetic 
fields t hreading the rapidly rotat ing accretion 
disks (Bl andford & Pavnel fl982h . A magne- 
tized plasma containing energetic electrons 
with a power law energy distribution will 
produce a synchrotron power-law spectrum. 
However, below a critical frequency (vbreaic), 
the radiating electrons will re-absorb some of 
the photons and as a result the typical spec- 
trum of a uniform synchrotron source shows 
a peak at Vbreak- Changes in the electron en- 
ergy distribution and the decay of the magnetic 
field along a conical jet imply that the criti- 
cal frequency varies along the jet. Assuming 
several jet segm ents (Fig. 6, see also Fig. 1 in 
Marscher (1995)), each producing a spectrum 
with a different Vbreaki the composite spectrum 
will appear flat (Kaiser 2006). In microquasars, 
the Vb re ak for the part of the steady jet clos- 
est to the engine (i.e. Vbreak, ) is m me infrared 
(Russel et al. 2010 and references there). In 
AGNs the observed turnover is at 10 11±0 5 Hz, 
called "millimete r-wave core" in the literature 
(Marscher 1995). Imaging a steady jet, gives 
rise to the effect known as "core shift", with 
the shift as a function of the observing fre- 
quency v„bs- At v bs the emission of the seg- 
ment will dominate, whose spectrum peaks at 
that frequency plus small contribution s from 
neighb or ing segments (see Fig.l in iMarkofj 
(2010)). Daly & M arscherl (1 19881) calculated 
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that changes due to the external pressure lead 
the jet boundary to oscillate as the jet gas pe- 
riodically overexpands and reconverges in its 
attempt to match the ambient pressure. This ef- 
fect of the boundary creates a network of waves 
in the interior of the jet that, converging to- 
ward the axis, may form a stan ding shock. Very 
recently, Jorsta det al.1 (l2010h established that 
the millimeter-wave core in AGNs is a phys- 
ical feature of the jet, i.e. coincident with the 
standing shock, that is different from the ob- 
served cm-wave core, the location of which is 
determined by the above discussed jet opacity. 

Models of the low/hard X-ray state for 
X-ray binaries give a geometrically thin, 
optically thick accretion disk truncated at 
R tr lOOr, (lMcClintock&Remillardll2006t 
iDone & Diaz Trigol |201Q|) . Following Meier 
(2005), the terminal velocity of the steady jet 
is approximately equal to the escape speed at 
the footpoint of the magnetic field where the 
jet is launched. For the large R tr ^100 r g the 
escape velocity drops to values below 0.6 c in 
agreement with the low velocities inferred for 
steady jets. When a system is in a very low 
low/hard state, the even larger truncated radius 
may result in a very l ow velocity (e.g. 0.06 + 
0.01 forLS I +6F303 IPeracaula et al.l (ll998l): 
iMassi & Zimmerman nl ( 2010h '). The steady jet 
model therefore assumes that the fiat/inverted 
spectrum could be the result of the variation of 
the magnetic field and the density of relativistic 
particles along a conical jet; the velocity is low 
for jets anchored at the large truncated radii as- 
sociated to the low/hard state. 



3.2. The shock-in-jet model 



iFender et alj ([2004) associate the change in the 
radio spectrum - from optically thick to opti- 
cally thin - to the parallel change that is ob- 
served in the X-ray states of these sources, 
when passing from the low/hard X-ray state to 
the steep power-law state. Fender and collabo- 
rators make the hypothesis that in such a pas- 
sage there is an increase in the bulk Lorentz 
factor of the ejected material. This increase 
gives rise to shocks where the new highly- 
relativistic plasma catches up with the pre- 
existing slower-moving material of the steady 




Synchrotron spectra 
with different v 



Fig. 6. Composite flat spectrum as a result of super- 
position of individual spectra associated at different 
jet segments, each with a different Vbreak- 



jet. This model, the shock-in-jet model, was 
originally derived by IMarscher & Gear! i 1985b 
for AGNs, then gen e ralized by IValtaoia et al.1 
dl992l) ; iTurler et alj d2000l) . and introduced 
in the conte xt of X-ray binari es for GRS 
1915+1 05 bvlKaiser et al.1 (l2000h (see the re- 
view byjTiirler (2010J)). 

In the internal shock model, variations of 
the jet velocity or pressure lead to the forma- 
tion of shock waves and electrons are acceler- 
ated. All frequencies will peak simultaneously. 
However, the higher energy emission particles 
die out first and the highest frequency emis- 
sion remains confined to a thin layer b ehind 
the shock front (Fig. 7) dMarscherll2009h . The 
width of the emission layer behind the shock 
front, x, is inversely proportional to the square 
root of the radiated frequency. As a result the 
flare will dominate at lower frequencies result- 
ing in the observed optically thin outburst. 



4. Discussion 

I comment here on three open questions. 

1. The transient jet is associated to shocks 
produced by differences in flow speed. For 
the internal shock scenario to be working and 
giving rise to the bright optically thin ra- 
dio flare (associated to shocks), particles (i.e. 
a new population) must be travelling with 
a higher velocity with respect to the pre- 
existing low/hard state continuous flow. What 
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Fig. 7. Frequency d istribution behind the shock 
front dMarsc her 2009) 



kind of process can generate these fast par- 
ticles? Moreover, a related open issue is the 
puzzling rather short timescale involved. The 
low/ hard phase is a relativel y long and sta- 
ble phase, lasting tens of days. iBellonil d2005l) 
analysed in X-rays in great detail the point of 
the transition from the low/hard state, distin- 
guishing between before and after the jet line 
(i.e. when the transient jet is generated) into 
two additional states - called hard intermedi- 
ate state (HIMS) and soft intermediate state 
(SIMS). They noticed, how sharp the transi- 
tion c an be, sometimes over only a few sec- 
onds dMottaetal .1120091) . One kind of energy 
that can be built up and accumulated over 
long time scales and then dissipated over very 
short time scales clearly is magnetic energy, 
as w e see in solar flares (iKomissarov et al.l 
120071) . Furthermore, also as in solar flares, 
magnetic reconnection can accelerate parti- 
cles to relativistic velocities. Therefore, mag- 
netic reconnection would be, on the basis of 
these two arguments, timescales and produc- 
tion of fast particles, a quite good candidate 
for triggering the transition. As a matter of 
fact, the prolonged removal of angular momen- 
tum from the accretion disk via the steady jet 
has a very important effect on the overall pro- 
cess of the accretion process. As proved for 
the bipolar outflows from young stellar ob- 
jects, the jets are capable of extracting two 
thirds or more of the excess angular momen- 



tum present in the disk dWoitas et al.1 [2005). 
This loss of angular momentum slows down 
the disk material to sub-Keplerian rotation 
and therefore the disk matter can finally ac- 
crete onto the central object dMatsumoto et al.l 
119961) . This increase in accreted matter onto 
the compact object implies that the mate- 
rial pulls the deformed magnetic field with 
it even further. The magnetic field compres- 
sion is thus increa sed and magnetic recon- 
nection may occ ur ( Novikov & Thorne 1973; 
Matsumot o et al.l 1 19961 IdeG ouveia dal Pino 
20051) . In addition, as observed in the Sun, 
energy released during magnetic reconnec- 
tion goes into electron acceleration, but in 
some cases also into bulk motion, propelling 
a flux rope away, as it o ccurs in a coro - 
nal mass ej ection (CME) dOiu et al.1 120041) . 
lYuan et all (120091) . in analogy with the so- 
lar CMEs, propose a magnetohydrodynamical 
model for transient jets, where the readjust- 
ment of the magnetic field provides the free 
energy to drive CME-lik e ejections of plas- 
moids. lYuan et all d2009) suggest that the in- 
teraction of plasmoids, ejected at very high- 
speed, with the slow preexisting continuous 
jet could lead to a shock formation. Following 
lYuan et al.1 (120091) the expansion of the plas- 
moid would create delayed peaks in the light 
curves at different wavelengths as indeed ob- 
served in LS I +61°303 (Fig 4) an d in GRS 
1915+105 by IMirabel et alJdl998h . In addi- 
tion, radio emission associated to some CME 
has been s uccesful l y mod elled as synchrotron 
radiation. Bastian (2007), analizing a radio 
burst associated to a CME, reproduced the drift 
to lower frequencies with time of the flux max- 
imum by assuming a decrease of magnetic field 
and particle density due to source expansion. 

2. Observations of GR S 1915+105 by 
IMirabel & Rodriguez! d 19991) (their Fig. 2, 
especially th e map of April 30) and by 
iFender et all {l999) (their Fig. 2, espe- 
cially epoch 736.7), showing moving com- 
ponents/shocks, seem to lack emission from 
the center. Is the core destroyed by the tran- 
sient? The lack of a standing shock could find 
an explanation in the changed conditions dur- 
ing the first phase of the shock and proba- 
bly of broken symmetry of the conical jet. 
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In the AGN NRAO 150 there is a sequence 
of observations at 86 GHZ and at 43 GHz 
by lAgudo et ail d2007l) (their Figure 3) show- 
ing that associated to the onset of fast mov- 
ing components there are pronounced dips in 
the core light curve. At one epoch, 2006.22, 
rather than only a dip there seems to be a real 
lack of the core; this lack is confi rmed also by 
the pre sented sequence of images. lAgudo et all 
d2007l) suggest a possible change of Doppler 
boosting factors to explain this puzzling dip. 
However, the comparison with the microquasar 
GRS 1915+105 might suggest the alternative 
hypothesis that the dip could be a real one and 
that the core is, for a short interval, missing. 

3. The above comparison between GRS 
1915+105 and NRAO 150 shows how im- 
portant it would be to extrapolate the knowl- 
edge on steady and transient jets in micro- 
quasars to AGNs. A comparison between the 
two kinds of classes presents obvious difficul- 
ties. Jets in microquasars are of the order of 
hundreds of AU: the relationship between jet 
variations and activity in the core is streight- 
forward. In AGNs the distant jet components 
may be completly detached from the present 
activity of the core. In AGNs the steady jet 
remains visible under/around the shocked re- 
gions: one observes a sequence of bright and 
typically optically thin regions that move at su- 
perluminal speeds, embedded in the steady jet, 
which is in the AGN community called "un- 
derlying flow". Still, besides these difficulties, 
there exist several interes ting parallels among 
the two class e s of objects feording et alJ2006t 
lUttlevI 120061 ICamenzindl 120081) . Radio quiet 
quasars would correspond to the thermal state 
(Fig. 5), BL LAcs and FR-I radio galaxies to 
the low/hard state and finally the transient jet, 
or steep power-law state would correspond to 
the FR-II radio galaxies. 
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